Total hip replacement (THR) is one of the most successful orthopedic surgical procedures for replacing a broken hip joint. In THR, wear may occur at the articulating surface of the acetabular cup and the femoral head. In Indonesia, the country with the largest Muslim population in the world, most of the inhabitants do salat (praying) every day. THR users are banned from doing salat for fear it will damage the hip joint prostheses. The previous wear calculation methods on the hip joint prostheses use the gravimetric, coordinate measuring machine (CMM), profiler, and geometric method. The disadvantages of the previous methods are that the geometry of the wear patch and the wear volume are only known at the end of the experiment, so they cannot be used to calculate the specific wear rate values in real time. So far, in every modeling of the hip joint prostheses, the values of the specific wear rate are assumed to be constant. This paper reports on the design modification of a pin-on-ring tribometer that is used to measure the wear volumes in hip joint prostheses. The result shows that modifications of the femoral head holder, reciprocating motion, elastic joint, and extra displacement transducer is needed to get the specific wear rate value. The calculation method to find the delta volume that is the value of displacement less than the displacement minimum (δ min ) is based on a graph, while the calculation method to find the delta volume that is the value of displacement that is more than the displacement minimum (δ min ) is based on an equation. In the salat test protocol, the longest test time was during the sujud (prostration) motion, which took 1034.17 minutes in the experiment.
Introduction
Total hip replacement (THR) is one of the most successful orthopedic surgical procedures for replacing the broken hip joint [1] . The total hip replacement (THR) system consists of a femoral stem, femoral head, femoral neck, acetabular shell, and acetabular cup [2] . All employed materials are biocompatible. The previous research on THR materials reported that many materials have been combined for the acetabular cup and the femoral head to obtain the best performance of THR, e.g. Metal-on-Plastic (MoM), Metal-on-Metal (MoM), Ceramic-on-ceramic (CoC), etc. [3] [4] [5] [6] .
Indonesia is the country with the largest Muslim population in the world. Islam has some characteristic religious activities, one of which is the prayer ritual called salat. In Indonesia, THR users have been banned from doing salat for fear it will damage the hip joint prostheses. Research on the range of motion in religious activities has been conducted by Saputra [7] .
In the previous research, it was difficult to determine the wear volumes that occur in the hip joint prostheses in real time. The wear volumes and the geometry of the wear path that occurs were analyzed only at the end of the experiment. The geometry of the wear path is influenced by the direction of the load [8] . Finite element method calculations to determine the geometry of the wear path were carried out by Sfantos [8] by using equation (1):
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In equation (1) , the specific wear rate (k) values are assumed to have a constant value. In fact, the value of the specific wear rate (k) is always changing in every sliding distance during the running-in phase [9] .
The previous wear calculation methods on the hip joint prostheses are the gravimetric, geometric, coordinate measuring machine (CMM), and most recently, profiler method [10] [11] [12] [13] . The disadvantage of these methods is that the geometry of the wear paths and the wear volumes are only known at the end of the experiment, so they cannot be used for calculating the specific wear rate value. To determine the specific wear rate value, it is necessary to know the wear volumes of each sliding distance.
This study will focus on the design modification of a pin-on-ring tribometer that is used to measure the wear volumes of every sliding distance. The wear volumes of each sliding distance can be used to determine the value of the specific wear rate. The tribometer test protocol for measuring the specific wear rate of salat motion with dimensions according to the Indonesian people will also be conducted in this study.
Methods
The pin-on-ring tribometer equipment used was located in the Engineering Design and Tribology Laboratory at Diponegoro University as depicted in Figure 1 . In the present pin-on-ring tribometer, the functions of the tribometer were to measure the friction coefficient and create a Stribeck curve. The pin-on-ring tribometer was controlled by a computer. The data acquisition and amplifiers used to record the signal from the pin-on-ring tribometer were read by a computer. A work schematic of the pin-on-ring tribometer is provided in Figure 2 .
The pin-on-ring tribometer should be modified to be used as a hip joint tribometer that is capable of producing the hip joint specific wear rate values formulated by Archad (2): (2) In this modification, only flexion-extension motion can be analyzed. The geometric method was applied to calculate the wear volumes in this study. A morphological analysis was used to obtain the optimal design for each modification. The acetabular cup and femoral head dimensions according to the Indonesian people were R 1 = 14 mm, R 2 = 14.024 mm, and R 3 = 17.5 mm [7] . To modify the design of the pin-on-ring tribometer to be used as a hip joint tribometer, some important things must be considered, such as the reciprocating motion in the hip joint; the size of the femoral head, which must be smaller than the ring in the previous tribometer; the holder of the cup and the head must be different from the holder of the pin and ring; and the mechanism in the tribometer has to measure the wear volumes of every sliding distance. To solve these problems, some modifications are required, as follows.
Reciprocating motion. In the previous pin-on-ring tribometer, the motion is rotational, whereas the motion that occurs at the hip joint is a reciprocating motion. Therefore, a modification is needed to convert the rotational motion into reciprocating motion. During daily activities, every motion of the leg has a different angle. A tribometer should be able to produce a precise result in the small angle and in the large angle. In general, converting the rotational motion into reciprocating motion has two solutions: a mechanical solution and an electronic solution.
Elastic joint. In principal, the center of the upper bearing has to be above the contact. If not, some additional frictional movement will occur, resulting in an oscillation of the forces during a test. Due to wear, this oscillation will occur anyhow, but it should be kept to a minimum. Therefore, the geometry of each hip joint requires a different position for the elastic joint.
Femoral head holder. In the previous tribometer, the pin and ring are used to analyze the friction. In the new tribometer, the femoral head and the acetabular cup are used. The holders between the ring and the femoral head are different. Therefore, modifications of the holders are needed. The femoral head holder must have a strong grip and minimize the detached probability between the holder and the femoral head.
Displacement transducer mechanism. This is an important part of measuring the wear on hip joint prostheses during an experiment. Based on the displacement of the hip joint prostheses position, the wear volumes that occur during experiments can be calculated. The displacement must be known in real time so that it can be used to calculate the value of the specific wear rate. The displacement must eliminate the effect of increases in the length of the material due to heat and moisture during an experiment.
Results and Discussion
Design modification of pin-on-ring tribometer. To convert the rotational motion into reciprocating motion with an electronic solution is using an AC servo motor. For this solution, the moment of inertia, rotational speed, and torque must be considered. An electronic solution has a high initial cost, but the results are precise and maintenance is easier. During daily activities, every motion of the leg has a different angle from the small angle to the large angle. An AC servo motor can produce a highly accurate reciprocating motion in the mechanism.
The elastic joint requires high accuracy due to the fact that displacement at the point of contact in the variety of hip joint geometries is very small. Therefore, it takes a small shift to get the right results. Figure 3 shows the design using a crank tab to minimize the motion of the arm twist due to the load, and this crank tab can change the position of the elastic joint piecemeal.
Displacement transducers were used to determine the displacement in the acetabular during the experiment, which is caused by the wear on the cup. Things to be considered are the effects of thermal expansion and moisture in the materials. Figure 4 shows that there are two transducers to measure the displacement of the material. Displacement transducer I produces displacement caused by the wear of the material and the effect of extension due to temperature and moisture. Displacement transducer II produces displacement caused by expansion due to the influence of temperature and moisture. Thus, the results that represent displacement caused by wear were obtained.
The geometry of the dummy femoral head material is not the same as the original femoral head, and the geometry of the dummy cup material is not the same as the original acetabular cup. But the same material and the same horizontal length will minimize the error that may happen because of the influence of temperature and moisture. The shaft, femoral head, and dummy femoral head material have the same material, i.e., Stainless Steel 316L. The acetabular cup and dummy cup have the same material, i.e., Ultra High Molecular Weight Polyethylene (UHMWPE). The optimal design of the femoral head holder can be seen in Figure 5 . When the femoral head has a reciprocating motion, the most important design criteria is that the femoral head does not slip and come off. This can happen when a polygon shaped holder is used. With this design, the installation is also easier.
Method for measuring wear volumes. The measurement of the wear volumes was calculated from the displacement of the acetabular cup that occurred during the experiments. This study, using geometric method assumptions [10] , assumed that the geometry of the wear path is equal to the shape of the femoral head.
Wear that occurs only in the acetabular cup due to the acetabular cup material (UHMWPE) is softer than in the femoral head material (ST-316L). Figure 6 (a) shows an overview of the assumptions in this study. Figure 6 (b) shows the point of contact where the vertical radius of the femoral head is touching the surface of the acetabular cup, called minimum displacement (δmin). The wear volume in the range of displacement is less than the displacement minimum (δmin) for geometric formulas of R 1 = 17.5 mm, R 2 = 14.024 mm, and R 3 = 14 mm can be found using the graph in Figure 7 . This graph was obtained from a SolidWorks simulation. Figure 6 (c) shows that the wear continues after the process in Figure 6 (b). To determine the wear volumes in Figure  6 (c), equation (3) can be applied. This equation can be applied to various dimensions of the hip joint.
Test protocol for salat motion. The test protocol used to obtain the specific wear rate of the salat motion can be seen in Table 1 . Each motion contributes to the whole motion of salat and has a different rotational speed. The experiment used times for a year of salat motion that are different for every motion of salat. The longest time in the experiment was for the sujud (prostration) motion, which needs 1034.17 minutes.
Calculating the value of the specific wear rate for each leg can be done with equations (4) and (5). The optimal design of the hip joint tribometer can be seen in Figure 8 .
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Conclusions
The conclusion can be summarized as follows: 1) To obtain the value of the specific wear rate in the hip joint prostheses, modifications of the femoral head holder, reciprocating motion, and the addition of a displacement transducer and elastic joint are needed; 2) Wear volumes are measured by displacement transducers using a geometric method; 3) To calculate the specific wear rate for the whole salat motion, the test protocol for the new tribometer consists of the rotation speed, the amount of time required for a year of salat motion, and the contribution of each motion to salat.
